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Abstract

Bcam position measurement systems have been installed
on the Advanced Free Electron Laser (AFEL) facility at Los
Alamos National Laboratory [1]. The position mcasurement
uscs a capaciti~- or button-style probe that differentiates the
beam-bunch charge distribution induced on each of the four
probe lobes. These induced signals are fed to amplitude-to-
phase processing clectronics that provide output signals
proportional to the arc tangent of the probe’s opposite-lobe,
signal-voltage ratios. An associated computer system then
digitizes and lincarizes these processed signals based on
theoretical models and measured responses. This paper will
review the processing clectronics and capacilive probe
responses by deriving simple theoretical models and
cor paring these models to actual measurcd responses.

. INTRODUCTION

The goal of the AFEL was to demonstrate that a [ree
clectron laser (FEL) suitable for industrial, medical, and
rescarch application can be built.  This goal has been
achieved by accelerating an clectron beam to 20 MeV with a
bunching frequency of 108.3 MHz and transporting the bcam
into and out of a FEL. To have sulTicient lasing cfficicncy
from this wiggler-based laser, the clectron beam position and
trajectory angle must be known at tie entrance and exit of the
wiggler with resolutions and accuracies of a few tenths of a
percent and a few percent of the beam pipe radius,
respectively.  Alse, this beam position information must be
known over as few microbunches as possible while
maintining at least a factor of ten in beam current dynamic
range.  To attain these measurement goals, the preferred
measurcment system choice was an integrated beim-position
measurement system similar to those implemented on the
Ground Test Accelerator (DTA) [2]. The AFEL beam
position and intensity measurements consist of three basic
components:  a capacitive- or button style probe, an
aniplitude-to-phase  position processor, and associated
lincarization algorithmis that reside in the control system.

Table t
Spectlication of the AFEL Position and Intensitly measurements

Position
t 10 nun
4.0100.0]

Intensity
46010 1 Apk
4 610001

Meusurement Range
Dynanize Range (nC/banch)

Kesolution S Y1 Apk
Accunacy FOMSmm 0 Ak
Pandwxlth (MH2) v 15

*Waork supparied by the US Depantinent of Encrgy, Oftice of
High Energy and Nudlear Physices.

Table 1 describes the specifications for the beam position and
iniensity measurement systems.

Il. MEASUREMENT SYSTEM DESCRIPTION

Figure 1 shows a picture of the capacitive-style becam-
position monitor (BPM) installed on the AFEL beamline.
Each probe consists of four rectangular metal lobes whose
dimensions arc defined by the subtended lobe angle of 45°
and a 3.2 mm length. The probe clear aperture is 2.34 ¢cm
with a lobc aperture of 2.54 cm. Alignment of the probe
assembly with the accelerator beamliae is achicved by using
the four bosses located on the upstrcam probe vacuum flange
(sce Figure 1). These bosses are used in both a beamline
alignment process and a probe taul-wire characterization
fixture to find the absolute offscts and sensitivitics to beam
position. This alignment and probe characterization
procedure provides sufficient information to make absolute
beam position measurcments to the nearest 1 ().25 mm.
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Figure 1. The AFEL capacitive probe shown with ats
algrnment stand and an associated coaxaal tansmission hine.

The signal power from cach lobe is calcolated by assuming
that the Gaasstan distnibuted beam image charge on cach
probe lobwe is

(et )*
Oy N N
n o« e Ja ( 1)
M o



where p(zi) is the beam charge distribution, eN is the total
charge per bunch, Ggis the subtended angle of the probe lobe,
g i the bunch length, and Bcis the beam wvelocity. The beam
image current induced on each of the probe lobes, Equation
(2). 1s the integral of p(z) in the z-dimension and the time
derivative where T is the nins temperal bunch length,
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and L is the length of the lobe. The beam-induced output
voltage, Vp(jw). at the input to the processing electronics is

o(jw) g (jw) Z i 2"(%)
) T

Vp (i) = .0)

where Cpy is the probe capacitance, Z is the characieristic
impedance of the transmission linc and the input impedance
of the processing clectronics, and s 1s the cable attenuation|3].
The I and I1 terms arc the zero- and first-order Besscl
functions that describe the low-beam-velocity effects of the
beain image-current longitudinal distribution caused by the
probe rudius, R, and the diffuse beam radius, r, respectively
(4].

The measured beam-position and taut-wire probe
characterization is the logarithintc ratio (in dB) of the
opposite lobe signal amplitudes and may be expressed as
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where Ry () is the ratio of the signal amplitudes of opposing
lobes, and 1y and ¢ are the polar coordinates of the bean
position [5]. For an "idecal” probe, Equation (4) and its
mverse may be reduced with minimal loss of information o
mclude only offsats, first-, and third-order coctlicients, This
simplification yields a probe/beam position inverse transfer
function of

R (0)=20log 4)
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The S or “sensitivity” terms in Equation (5) are caleulated
hased on two dimensional, third order polynomal feast
squares Lt to the measured characterizanon map BPM data,
This cha-anctenization based model provides < £ 1% accarte
beami-po Ltion measurement iside 304 of the probe tadiis

(linear portion of a probe) and < +4% accurate beam-position
meusurements from 30% to 80% of the probe radius (5],

The position processor consists of an amplitude-to-phase
converter followed by a phase-detection circuit (2], [6). The
amplitude-to-phase technique converts an input two-port
amplitude ratio to a phase difference between output ports
using vectoral processing techniques. This phase difference
is then detected with a double balanced mixer. The low
frequency output of the double balanced mixer is a voltage
that is a function of the input signal power ratios. The
transfer function describing the position processor is

Rx (1)
4GA SELl
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where Vgp(t) is the output voltage, G is the output amplificr
gain, and A,f is the peak voltage driving the double balance
mixer [6]. Figure 2 shows the Equation (6)-based lcast-
squares fit to the measured values of an AFEL position
processor. There is a 3% Jifference between the fitted
equation and measured data when the measurcd values for the
processor constants, G and Agf, were substituted into the fut
4(}A,[

variable,

Calbrated 10 0,76 VAdB near 0 dB
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Figure 2. Mcasured data versus calculated theor, Jie,, o least
squares fit to Equation (6)] of the beam-position processor
transfer function.

The beam intensity measurcement system processes the
summation of the four lobe signals. It docs rhis by
synchronously detecting these summed signails with a double
balanced muxer operating as a full-wave detector. The
mtensity transfer function, V(). s

s .. 1O
"I(I) GGy gy, h
n

where ag(r) is the average beam current duniny the
nucropulse, G, 18 the output amplitier gan teom, and Gy
the mput tansconductance gam term that conveets the
clecron beam current o the peak RE mput voltage 1o the
double balanced nuaser {71,



The control system algorithms use the inversion of
Equation (6),

(v
R, (1) = 201og tan| “BRWT Z 1 (8)
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and the probe inverse transfer function [Equation (5)] for
beam position, and the inversion of Equation (7) for beam
intensity [8].

IlI. BEAM TEST RESULTS

Two beam tests were conducted to verify the operation of
the beam position and intensity measurement system.  The
first test was the measurement of the capacitive-probe
arequency response using the AFEL bunched beam. The
second test was a position measurement test comparing the
beam positions measured by the BPM system and an optical
transition radfation (OTR) profile monitor [1].

The signal power model from Equation (3) was calculated
based on the actual gecometrics of the AFEL BPMs, These
calculated data were then compared to a set of acquired data
(Figure 3) based on an independently measured bunch length
and beam current. There is very good agreement between the
probe model and measured data up o approximately 2 GHz.
Past these frequencies, it is likely this simple model [Equation
(D} does not accurately describe the beam/probe interaction,
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Frpure 3 These signal power data are the average of the wop
and bottom lobes' signal powers as a function ot frequency
from a centered electron beam. The theoretical model s the
citlealated signal power based on Fauation (3).

The beam position data were acquired by steenmg the beam in
both axes with a dipole magnet upstream of the O TR viewing
screen and BPM. The beam posiions were then acquined
sunultncousty with the BPM system and the OFR sereen,
Figume 4 shows the companson between the OTR- and BPM
acquired data, There as good agrecement between the two
measurements i both axes, as can be seen by the Q.00% and
Vo gaan term o enrors and the U168 Gnd 0035 mime offset
crrors, The Barger vertieal s oftset and gaim tem covors
are most hkely cased by the inaccurate angualar alipnment ot
the O TR view screen with tespect o the verheal iwas
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Figure 4. Horizontal and vertical becam position data show
correlations between OTR and BPM data. The equations are
least squarcs fit to these data and "RA2" are X2 values.

1IV. CONCLUSION

A scries of beam-position and intensity-measurement
systems were installed and commissioned on the AFEL
beamline. Analytic theoretical transfer functions for cach
system component were derived, calculated, and measured.
There was good agreement between the theoretical
component functions and measured system data. Also, beam
data were laken and shown to agree with the measurement
system maodels for change in both beam current and beam
pasition,  These systems are now operational and are
providing valuable information o the AFEL rescarchers.
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